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SOME EXPERIMENTS ON LIQUID HELIUM HEAT TRANSFER — CHARACTERISTICS AFF:CTING
STABILITY OF SUPF°7ONDUCTING MAGNET OPERATION #

Stefan L. wipf

Los. Alamos Scientific Labocratory; MS 764
Los Alamos , N.M, 87545

Heat transfer from 25 um thick, 6.36 mm wide Nb tape
into boiling helium in vertical channels of 1.7 x 21 mm
cross section was studied. Normal zones were initiated
by heaters attached to the tape surface not in contact
with Lne liquid. Two heat transfer effects o possible
importanoce for superconductor stability were observed:
1. Steady normal zones enabling the measurement of
looalized heat transfer, and 2. Heat transport to neigh-
boring tapes by means of the ccolant. 1. Steady normal
zones are those that neither grow nor deocay; they occur
at current densities of 13 to 17/ kA/em?, corresponding
to heat transfers of 0.45 to 0.8 W/cm! for the normal
portion of the tape. Fluctuations of the length of the
normal zone are < 0.4 mm, Comparison of measured tem
perature profiles with calculations yields localized
heat tranifer values, A heat transfer -3 times highar
than the peak nucleate boiling value of 0.42 W/cm?
(measured for brass tapes) exists in a 2 mm wide region
near the normal to superconducting boundary., It |1is
inferred that this is the region where the gaseous film
covering the normal zone terminates and wetting by the
boiling liquid begins., 2. In & current range where the
normal zones decay again, it is observed that hrester
pulses (square,! 8 long) larger than a critical level
(0.7 W) cause mormal zones to appear in tapes directly
above the heater-induced n1ormal zone, with a delay of
the order of 0.1 s. Suggested explanation: The hcat' from
pulse and induced resistive zone vaporizes the limited
amount of liquid helium in contact with the zone and,
before oconvection has time to develop, the helium
becomes superheated above the critical 6 - 8 K. As {t
then rises normal zones are created.

I__Introduction

Infurmation or heat transfer is important when judg-
ing the stabl!lity of superconlucting ccils., The avail-
able date applies mostly to what {s ralled steady state
heat transfer. There are two obvious shortcomings: a
large scatter of published data (pointing te the
impurtance of hidden perameters) and a lack of data in
the intermediate region bhetween nucleate boiling and
film boiling. Less obvious shortcomings: when applying
such datn to the stahility problem one needs information
on a highly time dependent hcat transfer - indeed, in
the steady state a healthy superconducting winding nceds
no heat transfer at all - , morecover, any disturbance,
any initiation of an instability, i3 likely to be a
function of position, whercas most steady state heat
transfer vnlues are averaged over asurfaces of the order
of em? .

The original purpose of the investigation, {n col-
laboration with S, G. Sydoriak, was to mensure steady
state hent tranafar’ to helium in channels and 1its
dependence on various parametera, eaprcially its depend-
ence on liquid helium flow apeed na axpncted from A
correlation of existing experimental data,! ani ponaibly
useful for the centrel of quenches,l After ateady normnl
rones in & supercomluocting Nb tape over a considerable
ranga of current were observed, the author decided to
make further i{nvestigntions, ay syatematically as poasi-
ble, with the existing apparatus.

When a superconductor {s diaturbed by means of a
local heat pulae, the ensuing normnl 7one either grows
or decays, depending on the halance between Joule heat-
ing by the tranaport ocurrent and cooling by coo‘ant

*Work performed und=r Lhe .IIIIPIGQI o tn.n us Dop‘;. of Energy.

ASC 1aYA

sction and conduation. 7f there i3 a steedy normal Zzonhe,
it is expected to be in a state of unstable equilibrium,
ocourring at specific, well defined values of current
and temperature, and is referred to as minimum propagat-
ing zone (HPZ).’-" 1n contrast, the c¢bserved steady nor-
ma: zones (SNZ) do mot deocay or grow, moreover, they
exist over a wide range of ourrents. The minimum propa-
gating zone has the same kind of equilibrium as that of
a ball placed on top of a pointed stick - it is expected
to fall off, However, the ball's not falling off points
to the aotion of possibly quite complicated mechanisms,
such as a juggler at the other end of the stick. SNZ are
unlike MPZ; they are in the same class as the juggled
ball, At present no plausiole explanation for the
balancing mechaniam is kmown. SNZ Fave been cbserved on
occasion 5/ and could sometimes plausibly be explained
by hot spots left in insuffiaiently cooled places, such
as under spacers, The SNZ reported here have no such
explanation. Their behavior is desoribed in scme detail.
They can be put to use in measuring localized heat
transfer, especially in the otherwise ha. dly accessible
region between nuoleate and film boiling.

A second effect, observed and described, 1s the
occurrence of normal zones in tapes adjacent te the
pulsed heater but thermally insulated from it. The

anomalous heat transport 1is a tranalent proocess on o
time scale of the order of tenths of seconds.

Both processes can be of importance for the stabil-
ity of bath-cooled superconducting magnets.

II FxperimenLal setup

The cxperimental results are obtained from an annu-
lar flow chamber oonsisting of two ooncentric fiber
glass-epoxy aylinders, approximately 22 om in dismeter,
held 1,7 mm apoart by teflon dividers that form 30 verti-
oal channels, each 22 mm wide, extending down the 30 cm
long annular space, Thin brass tapes, 3 mil thick, 6.36
mm wide arce wound as 3 single turns and as a spiral of U
turns around the inner cylinder and are 4in one-sided
contact with the coclant in the channel, A niobium tape
of the same width but only 1 mil thick forms a spiral of
Just over 3 turns (91.5 channels) hetween the middle and
top single brans turns. A centrifugal pump connected to
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the center of the lower plenum allows the liquid helium
to be diriven upwards through all channels in parallel at
speeds up to 15 em/s, 34 current and potential leads, 18
thermometers and 3 pulsed heaters (these are in the mid-
dle and at one third and two thirds of the Nb tape) are
used to operate and monitor different sections of the
tapes. Details of the apparatus are illustrated in
Fig.1.

The carbon thermometers are individually calibrated
between 1,5 and 30 K. They are encased in stycast and
attached with stycast through slots in the inner cylin-
der to the back of the tapes so that the separation
between the copper leads and the tape is minimal,
Through sinilar slots the heaters - wire wound on copper

forms - are soldered to thin brass foils spotwelded to
the Nb tape. The brass foils serve also as potential
probes, A foamed epoxy backing reduces heat leaks

through the leads,

Heat transfer was measured in the brass tapes and
critical heat flux for transition from nucleate to film
boiling was measured in b different channels and two
different tapes to be between 0.38 and 0.4% Wem? with
the average at 0.U41, The recovery heat flux was between
0.276 and 0.343, with the average at 0.31 Wcm?, It was
found that many thermecmeters were reading low (possibly
being caused by cracks admitting liquid helium to the
thermometears or by poor contact to the brass tapes), The
heat transfler versus the temperature difference from the
highest reading thermomete~s i3 given in Fig. 2. The
nucleate boiling region differs from data established in
the literature,
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The resistivity versus temperature of the Nb tape
wed measured during slow cocldown as given in Fig., 3.
From this the power production in the resistive Nb tape
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is obtained (s. Fig. 2). Equating the power production
with the heat transfer gives the temperature of the
resistive Nb tape. The critical current of the Nb tape
at 4 K 18 in excess of 30 A (1limit of current leads).

IT] Steady normal zones

The Nb tape, carrying a current less than the criti-
cal current, can be made resistive by means of heater
pulses, .

The first surprise is that for a current £ 21.5 A
the normal zone (NZ) created by the heater pulse will
decay by itself. This was observed up to the highest
heater pulses of 27 W and 2 s (54 J). At currents 2 22 A
the NZ does not decay, provided the heater pulse exceeds
a very small threshold value, The threshold is 0.4 J at
22 A; 0,23 J at 24 A and < 0.1 J at 26 A, At 21,5 A the
power procuced in the normal Nb tape per cooled surface
1s 0,43 W/em?,

The second surprise i{s that the non-decaying NZ does
not grow by itself and is in fact quite steady. At con-
stant current the voltage across a SNZ, interpreted as
length of resistive zone shows fluctuations of less than
+0.4 mm, The length of a SNZ, after it is established by
a heater pulse, usually extends from one to several
channels and i3 only little affected by changes in cur-
rent, After increasing the current to = 24 A the SNZ can
grow by several channels and come to a stop again; at
yet higher currents, usually > 25 A it grows without
stopping, or until the current {1s slightly 1lowered
again, The growth occurs at a rate of one to several
em/ g,

The extent and location of the SNZ depends on the
history of the current changes, By monitoring the dif-
ferent potentiasl taps it was observed that the larger
SNZ existed rarely in one continuous resistive section;
instead there were usually two or three resistive zones
in adjacent turns. The resistive zones in adjacent turns
were either created right from tLhe beginning by a suffi-
ciently large heater pulse, or they suddenly appeared
during a growth process, the largest SNZ observed con-
sisted of one or two fully resistive turns with super-
conducting portions left in the bottom turn. Fig. U is
an 1illustration of SNZ growth and decay. The dashed
trace is a small SNZ, created at 22 A (a), growing to a
length of 2.4 channels at 24,8 A (b) and decaying on re-
ducing the current to 20 A (c)}, Being created a second
time (d) the SN2 behaves identically, however, instead
of letting it decay the current is increased again at
21.6 A,, Just above the first decay step (e). At 27 A
the SNZ grows (f) to > 50 channels (off scale), the
growth is checked by reducing the current. The SNZ de-
cays to 22 ch at 20 A (g) and further to 1 ch at 18 A
where the current is reversed again, Finally at 27.5 it
grows again, leading to a quench (1), The solid trace in
Fig. ! shows a much longer history with very large SNZ.
Remarkable is the situation after the growth to 77 ch
length at (39), repvated at (41); the growth to 84 ch
took several seconds and occurred automatically, the
power supply being at its maximum voltage limit, The
fact that total recovery (42) could take place, after
90% of the winding was resistive and dissipated 84 W for
several seconds, demonstrates the strength of tha SNZ
effect,

Some general features emerge clearly: growth can
e¢cur at currents > 22 A, decay at currents < 21,5 A.
Retween growth and denay events the SNI {s ossentially
constant: the SNZ follows 8 line of almost conatan.
length of resistive zone, For lorie SN2 this 1s some-
times obacured by the fact that grovth or decay la still
going on while the current {a being changed on a similar
time acale; slower chang:-s, in Fig. ! between (25) and
(28), at (33) and (34)(36) show the constancy of the
SNZ. The whole solid trace took 300 s to make.
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F10.4 History of SN. wnen tranaport current la varled.
Inltlotion of 5NZ (at,d, and 24,3A) 18 by haater pulse.
Dnanad tracer saort Skl {such as uscd L0 Mmedsure te o=
rature profile)) solld tracer largast SN7 observed.

A large numbher of such SN2 histories were traaed,
The highest growth ourrents of 27.7 A were generally
cbserved at a high helium level (up to 60 ecm abave the
rim of the channels), but quenches were more frequent,
even at lower currente, At low helium leve', gen-rally
several cm below the upper rim, cycling o the SNZ waa
easier, allowing the ocourrence of the largest SN2
cbaervel, Also, 1t acems that during eycling the 3N2
moves {nto the most faverable places,

While conveoctive movements In the coolart within a
channel probably play a rele {n the SN2 mechaniom, tle
actual flow through a channel seoms to be less impor-
tant. This 1s shown by the amall hut meaaurable effect
of forced airculation by pumping or by heating the bruss
tnpes above or bhelow the Nb tape; the net change in the
GNZ langth is ¢ 2 mm, either Llarger cr smaller, depend-
ing on position of SNZ, but the fluctuantiona are motice
ably larger, though still < 1 mm

From Fig. 2 it 1s scen that for currents ahuve 27 A
tha heat productlion i3 always gremter than the purasible
heat transfer by film hoiling ints the 1iquid, conse-
qQuently a limitlexs increase in temperatures will lead to
A drowth of the SN2 nnd to n guench, a3 ls indeed
cbserved, It could be that film boiling in channeln is
affeated by other parmmeters ond that growth At lower
currents oeeurn fur similar reasona.
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Calculatinns indicate that below 21 A only those
portions of tape covered by channel dividers remain
resistive; at 18 A cooling is sufficient to cause com~
plete collapse of the remaining resistive zones. Obser-
vaetion showed that in some caeses the current had to be
reduced to 17 A before the last vestige of SNZ disap-
peared; on raising the ourrent a SNZ had to be started
again by a heater pulse. The large spread of decay cur-
rent reflectas the fact that the covered area by channel
dividers can vary from almost nothing to about 2 mm in
some places.™

IV Localized heat transfer

The SN2 consists of a resist.ve region (assumed to
be fully normal and having sharp edges), transferring
heat by film boiling, and by adjasent superconducting
reglons, where hest transfer, as far as it is necessary.
is by nuc’eate boiling. Since the boundery between nor-
mal and superconducting regions is ststionary it is
possible to calculate the local heat transfer from a
measured temperature profile. The apparatus used is mot
ideally equipped for such 8 measurement, however, some
favrrable oir:matances allow a process leading to »a
good estingte of the lcooslized heat transfer,
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FI10.5 Position of tpe two reslative adges of & short SNZ as
funotion of transport current,
Abunlute accurncy of positlon 18 ¢ 0.0 mm due to the
unecrtainty of exnct positlion or potential tap) relatlve
accuracy is much nlgnur.
Poaition of thormcasturs)l A in ¢ 11) B in on 25 and an L
Left and right edge are in en?’ and 26 (upgor turn) for ¢
en9 and L1 for A, oh24 and ¢4 (lower turn) for O.
Tne Jump in trace A at 24.Ua and in trace @ at 22.2A
geems to enlnclde with tne pomillon of the thermometers.
Premature termination of onm gdge (lert edge A at 24.6A,
right edge @ at 24,.HA) Lndlcate growth events.
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Maasurements of the length of short SNZ indicate a
distiict dependence on the tranaport current as given in
Fig.5. It is possible voponition the SNZ boundary near a
gingle thermometer and mov : {t across in small steps by
changing the current, Fig, 6 shows tmmperaturc profiles
thus mensurnd, Inatemd of mouving a Lhermometer across a
fxed SNZ boundary one moves a SNZ boundury across the
poaition of the Shermomeier. The temperature profile
prot. ably changes samewhay with {ncreasing ourrent, yet
indicntions are, that such changes are ncgligibly small
in the range of aurrent: under ronsideration; thus the
measut el Lempernture profile approximates very closely
the profile of & SN2 boundary acv fixed current. The
mensured temperature profilea do not reach mush beyond 8

%ot neayanarily the correct eaplanition for the spread in
decay current, but Lne varlation in etannal width of 1.7:C.1lmm
transltten (nto cnannel dividera (Leflcn sleamven wore or less
aqureznl) qovering wore or less tape. On the otner hand tnere
1s )} mil tntok and 3/732" wide mylar adnesiva LApe beluaen Lhe
chant.al (divider and the tapes, studd acraons the tapen. Simllar
Adhetive tape L8 beatwesn Lhe melal Lapes Lu give a paonth sur-
face,
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PIC.6 Temperature profilea of the right edge of SNZ, from FI3.5.
Pointa: measured: Curves: calculated.

K although temperatures up to 17 K were measured, their
position was uncertain, because in all three cases the
SNZ grew to a larger size between the potential taps'."
The measured temperature fluctuations are about +0,1 K
at 5K and +0.15K at 7K and have periods of the order of
0.5 s; “hey seem to be somewhat smaller than the resis-
tive fluctuations equivalent to +0.14 mm of houndary
movement .

The solid line {n Fig. 6 is a calculated temperature
profile according to the one-dimensional solution to the
steady state heat equation !

TaceNKEX Ly

k(= 0.4 Wem K)is the thermal conduntivity of Wby for T
> Te(1), ¢ is assund to be q(I) from Fig, 2 , or
Jtp/d,(d thickness of tape), for T < Tc. Az 0y for aT >

12K, h is taken from Fig 2 as hg, = 2% mW/em'K: for AT <
K ho o= 01 W/emK  pives Jﬁn hest fit, C i3 an
intcgpation constant, with dimension of yemperature,
that simply shifts the origin of x.

For K < AT < 12K, covering n region

long, a constant hent transfer 1 asamed
sclution to the heat equation becomnrs
T'ﬁllz - J%p)x® +C 1+ C,
The resulting temperature distributicn 1s a parahol a;
the two integration constants only cause horizental or
vertical shift. In Fig., 5 solutions (ur four different,
choices of between 0.8 and 1,5 Wem? are joined (nt
the horizontal arrew) to the film dotling sclution and
continue below T with the nucleate bolling solution,
The measured points fall between the cu~ves for 1 and
for 1.2 Wem', The other two distributions r{t aimilar
values, except that the nunleate botiling tail in eh 25
requires an even lower hnb'.

It 18 fairly plausible to interpret this high heat
transfer asa belng cnuse: by the re-wetting region
between liquid and gas film, The value of 1.2 W/em!?

ahout 2 mm
and  the

*¢There are only 4 potentinl tapa: one eftner and and une at
the position of each haartar, Ponition of YN72 cldue 18 known to
the extent ol belng cartaln that there 13 only one boundary
betwean Lapu. This 1s often not the cane after the fleat eeowtn
eplaodn of the GNZ, '
®The rever sallafactorily explained problem witnh the thermome-
tars on tne brans tapea (parctly reaponsible for making tne
apparatus unf'lt to pursue tnha purpose for wnich it was origin-
ally dasignnd) may alao al'fllat tne thermomatera atbachsd o
the Nb tapen although there ls nelther aunplcton of tnila por
broof of tne contrary. lNowever, i , as a worst asausption,
the thearmometer unould resd low by & factor of 2 the maten
betwasn calculatlon and manaured polnts would alter only
littlet tre 3 nlwnest poipts would it very puorly, tne curved
part of the prorile would atill it a Q@ « 1,2 W/em¥ parabola
and the nucleate bolling part would need an even lownr LI
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would indicate a rate of evaporation of 0.094cm)s per cm
length of a 2 mm wide boundary,It could be that a high
temperature gradient is essential in order to straddle
the temperature range of 2k < aT < 10K in a distance
comparable to the possible extent of the re-wetting
zone, This 13 reason to suspect that low thermal con-
duction is important for the SN. mechanism.

On entering & = 1 and 1.2 W/ em? in Fig. 2 it is
found, as required, that the Maddock-James-Norris
criterion’? is fulfilled, The areas above ond below the
G(254) line enclosed by the dashed hcat transfer curves
are equal to within a few percent,

V_Anomalous heat transport

It was observed that for any.but tho smallest
heater pulses a N2 appeared not oriiy near junction of
heater and tape (criginal NZ) but also in the adjncent
tapes in locuticns directly above the heater (neigh-
boring NZ). Heat transport through the channel dividers
i3 calculated to be of the order of mW per degree
temperature difference between the tapes (notwithstand-
ing the Cu rod inside the teflon sleeve), thus cven a
temperature difference of 50K would not suffice to
create a NZ by conduction. Heat flow through the G-10
tube backing 1is much smaller.

A test series at 20 and 18 A with 1 3 square pulses
revealed the threshold for which a neighboring NI was
created, the extent of the neighboring zones and the
delay time between onset of original ard neighbori-g N2
as shown in Fig. 7. for 20 A, The 18 A results are only
different in having original NZ approx. 20% smaller.
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It was alao obsarved that at 20 and 20 A pulses {n
the top heater of 4.5 W and 1,5 8 areated a neighboring

N2 above hut none helow the heater,



The following hypothesis may explain such behavior.
The heater pulse evapurates the liquid in the immediate
neighhorhood of the tape, requiring 255J/cm® of liquid.
Prior to the arrival of the heat pulse the liquid cclumn
in the channel is practically stagnant. The gas bub-
ble(s) will rise and initiate convective motion in the
liquid column. This process requires some time. Before
the convective motion is sufficient to circulate encugh
fresh liquid to the hot tape the neijghborhood of the
pulse heater boils dry and the initial gas bhubble ah-
sorbs more heat by raising its temperature. The rising
hot bubble creates neighboring NZ.

Quantitative ev-mples further {illustrate the hypo-
thesis. To evaporate the liquid in {mmediate contact
with the tape, a volume of (width of tape)? x thickness
of channel = 0,07 cm?® liquid needs 0.18.0. At O.7 W this
requires 02538 and creates ©.5 cm® of gas at 4K and !
atm, Suppose no fresh liquid is available and the hot
zone continues to heat the expanding bubble at the rate
of 15 K/J expanding its volume by U em?/J. In Fig. 8
the enthalpy per unit volume of helium at 1 atm is
given, For a heater pulse of 11W the liquid would be
evaporated after 0165 and the temperature of 6 K would
be reached after further 0.08 s with a bubble size of

09 cm'.
It is seen that these figur>s {n conjunction with
the experimental results plausibly support the hypo-

theasis., The existing experimental data are insufficient
to prove this mechantsm and many questisns await further
study. For instance, if a convective circulation js aet
up, by heating the brass tapes or by pumpini, woula the
threahold to create neighboring N2 increase, as expee-
ted, and by how much ? If longer pulases are used, how
long, will it take bofore the neigbhoring N2 dinappear
again, indicating that convective equilibrium in estab-
lished ?

The data
piven enervy

in Fir, B indicatesn that  in response to a
the volime of the penulting bubble {s routh-
ly the saime whether a 1ittle  1iguit helioun 4n evap.
rated and suporheated Yo oa high tenperature or whether
a lat of liquid heliunm {5 available and the buhhlae
is near the toeperature of the boiling lquid,
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FIoLb pntaad o of e neltum pree undt volume at 1 atm,
T golume 0 Ulgutd a0 ALy K oevaporated to form }oem’ opan
At tompe wtape T (Urom gt o rety)

Thexe prrault: are tmpertont for hath-coal s nUpeP-
conduating cofls rolying 0 convection of liquid helium
o narrow channel - Goetween Lhe windinga, I a disturh-

ance reculren the dlasfpatfon of a certain amognt  of
Meat abeve the threshald value —« prexumably deteem{ned
by Lhe g wwtry of the chanheld « the anomatoun heat
tranapart couid Tead taoa premature quenth, A P medy

might be to set up
ARy

il iefent convect fon bafors dfaturh-
aecir o Gy the ather hand  the  pffeet
uaetul for o rapid quench prapavat fon,

could he

VI Discussion and cenclusion

Two heat transfer effects were reported, both
incidentally observed in an apparatus originally
designed for steady state experiments. The study is but
preliminary and far from complete, It was reported at
this stage because it points tu effects “hat might b2 of
concern in coil designs vsing the traditional bath
cooling.0f the twoe phencmena described, one, the SNZ
effect, once sufficiently understood, could be clearl"
benefi:ial, while the other, heat transpurt by super-
heated bubbles, may be very troublesome.

The reported phenomena illustrate some of the
complexities of heat transter intc helium and con-
sequently indicate our insufficient understanding of a
process that is crucial to the stability of operation in
the superconducting current carrying state.

The SNZ has been used to measure localized heat
transfer, especially in the temperature region between
f1lm boiling and nucleate boiling.

The ancmalous heat transport indicates a time
dependence of the heat transfer of the crder of tenths
o! seconds and is likely to have a convective mechanism,

Both, localized and time dependent heat transfer are
germane t¢ instabilities in superconductors and to onset
of quenching, wheregs stealy state heat tranafer {38 not
applicable,
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